Abstract Interleukins (ILs) are key mediators of the immune response and inflammatory process. Plasma levels of IL-10, IL-1Ra, and IL-6 are associated with metabolic conditions, show large inter-individual variations, and are under strong genetic control. Therefore, elucidation of the genetic variants that influence levels of these ILs provides useful insights into mechanisms of immune response and pathogenesis of diseases. We conducted a genome-wide association study (GWAS) of IL-10, IL-1Ra, and IL-6 levels in 707 nondiabetic African Americans using 5,396,780 imputed and directly genotyped single nucleotide polymorphisms (SNPs) with adjustment for gender, age, and body mass index. IL-10 levels showed genome-wide significant associations (p<5× 10
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Background
Interleukins (ILs) are cytokines that regulate the immune response and play a crucial role in inflammation. ILs are the key mediators and markers of the inflammatory process in metabolic conditions such as obesity, insulin resistance, type 2 diabetes (T2D), cardiovascular diseases (CVDs), and associated complications (Juge-Aubry et al. 2005; Wellen and Hotamisligil 2005; Shoelson et al. 2006; King 2008; Donath and Shoelson 2011) . Of the wide set of ILs produced in humans, we were primarily interested in three: IL-10 (predominantly anti-inflammatory), IL-1Ra (anti-inflammatory), and IL-6 (inflammatory) that have been shown to be associated with several metabolic disorders and CVDs (Charles et al. 2011; Juge-Aubry et al. 2003; Bluher et al. 2005; Cartier et al. 2009; Doumatey et al. 2010; Lai et al. 2009; Fisman and Tenenbaum 2010) . The plasma levels of these three ILs show large interindividual variations, and there is evidence that their circulating levels are under significant genetic influence. Heritability estimates of the IL levels based on twin studies ranges from 50 to 75% for IL-10 ( Westendorp et al. 1997; Reuss et al. 2002; de Craen et al. 2005) , 53% for IL-1Ra (de Craen et al. 2005) , and 57% for IL-6 (de Craen et al. 2005) . Despite the strong heritability estimated for the ILs, there have been few attempts at identifying the specific genetic variants that influence their circulating levels. A few candidate gene studies have tested association with variants in genes encoding the ILs. These studies reported associations of single base change polymorphisms in the IL10 gene with IL-10 levels (Gibson et al. 2001; Reuss et al. 2002; Hohaus et al. 2009 ), in the IL1Ra and IL1Rβ genes with IL-1Ra levels (Hurme and Santtila 1998; Di Renzo et al. 2007; Rafiq et al. 2007; Reiner et al. 2008) , and in the IL6 gene with IL-6 levels (Fishman et al. 1998; Ferrari et al. 2003 Ferrari et al. , 2004 . A genome-wide linkage analysis in the Quebec Family Study did not find any robustly linked loci for IL-6 levels (Ruchat et al. 2008 ).
In general, association studies between IL-10, IL-1Ra, and IL-6 levels and polymorphisms in the genes encoding these ILs have reported inconsistent results (Smith and Humphries 2009 ). More importantly, the identified polymorphisms explain only a small fraction of the genetic contribution, hence the postulation that the production and levels of ILs may be influenced by genes outside their primary coding loci (Reuss et al. 2002) . The unbiased approach of the genome-wide association study (GWAS) is a useful strategy for identifying such variants. However and to our knowledge, no GWAS has been conducted on IL-10, IL1Ra, or IL-6 levels. Here, we report the first GWAS of these three ILs in a population-based sample of African Americans that are disproportionately affected by metabolic conditions (e.g., obesity, T2D, and CVDs) in which ILs are key mediators (Crawford et al. 2010) .
Methods

Study population
Individuals included in this study were participants in the Howard University Family Study (HUFS), a populationbased cohort of families and unrelated African Americans enrolled from the Washington, DC metropolitan area. The study population, data collection procedures, and ethical process have been described in detail elsewhere (Adeyemo et al. 2009 ). Ethical approval was obtained from the Howard University Institutional Review Board, and written informed consent was obtained from each participant. Data collected from each participant included anthropometric measures, blood pressure, and an overnight fasting blood sample. IL-10, IL-1Ra, and IL-6 levels were measured in plasma using Quantikine ELISA kits (R&D Systems, Minneapolis, MN, USA). For this GWAS, subjects with T2D were excluded.
Genotyping, imputation, and data quality control Genotyping was done using the Affymetrix Genome-Wide Human SNP Array 6.0 (McCarroll et al. 2008 ). Data quality filter was performed using PLINK v.1.07 (Purcell et al. 2007) . SNPs that had a call rate<95% across all individuals (n041,885), a minor allele frequency≤0.01 (n019,154), or a Hardy-Weinberg equilibrium test p< 0.001 (n 06,317) were excluded. A total of 808,465 autosomal SNPs passed quality control filters. The average call rate for the remaining SNPs was 99.5%.
To increase the number of SNPs for association analysis, imputation was done with the program MACH 1.0 ) using both the Yoruba (YRI) and Northern and Western European ancestry (CEU) population data from the 2010 release of the 1000 Genomes Project (http://www.1000genomes.org/) as reference data. The detailed imputation procedure has been described elsewhere (Shriner et al. 2010) . We obtained 8,642,787 SNPs consisting of 808,465 directly genotyped and 7,834,322 imputed SNPs. Further quality filters resulted in the exclusion of 50 SNPs based on Hardy-Weinberg equilibrium (p < 0.001), eight SNPs with MAF < 0.01, and 3,245,949 SNPs for which>10% subjects had missing genotypes. Finally, 5,396,780 autosomal SNPs that passed quality control filters were analyzed in 707 unrelated individuals. Of these individuals, 704 had measured values for plasma levels of IL-10, 706 for IL-1Ra, and 697 for IL-6. Power of the study was calculated using the GWAPower statistical program designed for quantitative trait GWAS (Feng et al. 2011) . Assuming LD (r 2 ) between an SNP and causative genetic variant of 0.5, estimated "heritability" (i.e., IL level variation explained by genetic variants) of 0.04, and 20% variance explained by the five covariates, the power of the GWAS was estimated to be~80% ( Supplementary Fig. 1 ).
Population stratification was assessed using a series of procedures. First, the AWClust Algorithm (Gao and Starmer 2008) was employed to investigate clustering of genotypes. All study subjects formed a single cluster; seven individuals that were outliers to this cluster were excluded. Second, the genomic control method was used to examine inflation of type I error rate. The genomic inflation factor was 0.996 for IL-10, 1.015 for IL-1Ra, and 1.003 for IL-6 indicating that population stratification had minimal effect. Third, the quantile-quantile (QQ) plots of distribution of the test statistic were examined and showed minimal population stratification in the sample ( Supplementary Fig. 2 ). Principal components (PCs) were computed using the eigenstrat method (Price et al. 2006) .The first two PCs were retained and used as covariates during association analysis to adjust for any potential residual population stratification.
Statistical analysis
Normality of IL-10, IL-1Ra, and IL-6 levels was assessed using descriptive statistics and distribution plots (histograms and scatter plots) in SPSS Statistics v.17 program (Supplementary Fig. 3 ). None of the ILs was normality distributed; therefore, we log 10 -transformed them prior to genome-wide analysis. The analysis was performed in PLINK v.1.07 using linear regression models under the additive genetic model with adjustment for age, sex, BMI, and the first two PCs as covariates. Genome-wide significance was set as p< 5×10 −8 . The top scoring SNPs for each phenotype were further annotated to understand the genomic context for each significant finding (Ge et al. 2008) . We attempted to replicate our findings in an independent sample of 425 non-diabetic individuals from West Africa who participated in the Africa America Diabetes Mellitus Study (Rotimi et al. 2004 ). Seven of the eight SNPs that reached genome-wide significance with IL-10 levels were genotyped in the replication sample (Supplementary Table 1 ). Of these, three passed our quality control filters and were included in the final analysis with adjustment for age, sex, and BMI.
Finally, combined analysis (or meta-analysis) of the discovery and replication datasets was done for the SNPs typed in both cohorts using METAL software program . We combined the evidence of association in two sided p values using a fixed-effects model. Sample size of each SNP was used as a weight, and the sign of the beta value (coefficient of the linear regression model adjusted for sex, age, and BMI) was used as the direction of association of the minor allele. Evidence for the between-study heterogeneity was tested using Cochran's Q statistic and I 2 , and the p value of the chi-square was used to declare significance (Higgins et al. 2003) .
Results
Characteristics of the study subjects are presented in Table 1 . Women had higher BMI, IL-6 and IL-1Ra levels, and lower IL-10 levels than men. The relationships between IL levels and other variables (including age, gender, and BMI) are presented in Supplementary Table 2 . Age, gender, and BMI were significantly associated with IL-6 and IL-1Ra levels in both univariate and multivariate analyses. Chromosomal distributions of the p values (Manhattan plots) are shown in Supplementary Fig. 4 , and regional plots of loci highlighted in the study are shown in Fig. 1 . The top ranking SNPs with p<10 −6 in the GWAS are presented in Table 2 , and the top 30
SNPs for each IL are presented in Supplementary The lower panel shows gene annotations taken from the UCSC genome browser. The purple diamond represents the SNP that shows the strongest association in the plotted region. The LD of other SNPs and the best ranking SNP in the plotted region is shown in a scale from minimum (blue) to maximum (red) No SNP reached genome-wide significance for IL-1Ra levels. The top two SNPs showing suggestive association with IL-1Ra levels (p02.55×10 −7 ) were in the ASB3 gene.
Notable among the other top IL-1Ra associated SNPs was a cluster of 10 SNPs within a 21.8-kb interval on chromosome 2q14 that harbors the IL-1 gene family (IL1F5, IL1F8, IL1F10, and IL1Ra; p01.04×10 −6 to 1.75×10 −6 ) ( Fig. 1 ).
When we repeated the analysis conditioning on rs6734238, the best associated SNP in the cluster and the nearest SNP to the IL1Ra gene, the association with the other seven SNPs disappeared, indicating that the association is likely to be solely driven by this variant. A set of 23 SNPs spanning a 2.2 kb-region at a physical distance of 13-17 kb from the IL1A gene also showed suggestive association with IL-1Ra levels (p01.22×10 −6 to 1.63×10
−6
). However, the association of the 22 SNPs disappeared when the analysis was repeated conditioning on the lead SNP at position chr2:113557312.
The best hit for IL-6 levels was on chromosome 6 (chr6:133397598; p08.63×10 -9 ). The magnitude of effect of the association with this variant was also the strongest; having one copy of the T allele of this variant resulted in lower log 10 -transformed IL-6 levels (β00.52 Z-score units of log 10 -transformed IL-6 levels). Other suggestive associations include rs196854 (near NEFM; p01.86×10 −7 ) and rs4473152 (SH2D7; p08.15×10 −7 ).
In the West African replication dataset (refer to Supplementary Table 4 for descriptive statistics), IL-10 levels were significantly associated with rs17365948 (YWHAZ; p00.02) and marginally associated with rs12279202 (IPO7; p00.09). The direction of both associations was the same as that in the GWAS, and the effect was stronger in the replication dataset compared to that observed in the discovery dataset (Supplementary Table 5 ). Both SNPs showed genome-wide significance in meta-analysis, with rs17365948 showing stronger evidence in the combined analysis compared to the GWAS (p combined 06.91 × 10 −9 vs. p discovery 02.56 × 10 −8 ). Cochran's Q statistic and I 2 tests showed high heterogeneity between the individual datasets, especially marked for rs2238776 that showed no association in the replication dataset (Table 3) .
We also searched the literature for SNPs associated with IL-10, IL-1Ra, and IL-6 levels. One study focusing on the IL1Ra gene in subjects from Tuscany, Italy reported significant association of IL-1Ra levels with five SNPs (rs4251961, rs579543, rs2637988, rs315943, and rs1374281) (Rafiq et al. 2007 ). We successfully replicated association of IL-1Ra levels with the top associated SNP rs4251961 (p00.009, β (C allele)0−0.04), that tagged all others in the reported study. Consistent with a candidate gene study that reported association between two IL6 gene SNPs (rs1800795 and rs1554606) with IL-6 plasma levels in Caucasians but not in African Americans (Walston et al. 2007 ), we did not observe significant association with these SNPs in our African American cohort.
Discussion
In this first GWAS for IL-10, IL-1Ra, and IL-6 plasma levels in African Americans, we found genome-wide significant associations for IL-10 and IL-6 and suggestive associations for IL-1Ra levels. The strength of association in most of the variants was similar after adjusting for covariates including age, sex, and BMI. This is in contrast to, but not directly comparable with, a previously reported genomewide linkage study that showed suggestive evidence of linkage for IL-6 levels on chromosome 14q12 (D14S1280) which disappeared after adjustment for BMI (Ruchat et al. 2008) . The finding that these associations were independent of BMI suggests that the influence of the identified variants on IL levels is direct, rather than being mediated through adiposity.
We identified genome-wide significant associations of IL-10 levels with several SNPs. We replicated one of these SNPs located in the YWHAZ gene using an independent sample from West Africa and further observed that the evidence for association improved in a combined analysis of both datasets (i.e., African American and West African combined). The strongest association of IL-10 levels was with an SNP in the PMS1 gene that encodes a protein involved in the repair of DNA mismatches. This finding is consistent with that of two studies that showed a link between the PMS1 and IL10 molecules. A co-immunoprecipitation experiment in HeLa cell lines showed that in humans PMS1 binds with CYLD protein (Cannavo et al. 2007) . CYLD is a deubiquitinating enzyme which attenuates NF-κB and c-Jun NH 2 -terminal kinase (JNK) signaling. In transgenic mouse CYLD ex7/8 protein increased expression of mouse Il10 mRNA in cultured bone-marrow-derived dendritic cells (Bros et al. 2010) . Further studies are needed to understand the functional roles of the genome-wide associated SNPs in PMS1, IPO7 (encodes a protein that mediates nuclear import of proteins with a classical nuclear localization signal), YWHA (encodes a protein that is a member of a highly conserved protein family that mediates signal transduction by binding to phosphoserinecontaining proteins), and CDYL2 (encodes a protein involved in catalytic activity and protein binding).
Interestingly, common variants in PMS1, IPO7, YWHAZ, and CDYL2 genes that were associated with IL-10 levels in the present study have also been associated with systolic blood pressure (SBP) in a GWAS conducted in the same cohort (Adeyemo et al. 2009 ). The PMS1 gene was also associated with SBP and hypertension in the CHARGE consortium GWAS (Levy et al. 2009 ). The associations we identified between IL-10 levels and these variants were not modified with adjustment for SBP and/or hypertension status in the logistic regression models. Moreover, there is virtually no correlation between IL-10 levels and SBP in this cohort of African Americans (r0−0.04, p00.318), suggesting that the observed IL-10 associations were not being driven by SBP. Therefore, we postulate that there may be a small set of loci that co-regulate both IL-10 and SBP. Animal model studies provide evidence that manipulation of IL-10 levels affects blood pressure levels. For example, treatment of hypertensive pregnant rats with exogenous IL-10 leads to lowering of SBP, normalization of plasma endothelin-1 levels, and vascular relaxation (Tinsley et al. 2010) . Another study showed that IL-10 deficiency and hypoxia in a mouse model leads to excessive activation of anti-angiogenic and apoptotic pathways, resulting in severe preeclampsia-like disease in which hypertension is a defining characteristic (Lai et al. 2011) . Our findings are consistent with the aforementioned studies that imply a pathophysiological relationship between IL-10 levels and blood pressure, and suggest the possibility of a common genetic influence on both traits.
We found suggestive association and relatively strong effect size between IL-1Ra levels and two variants in the ASB3 gene. The protein encoded by the ASB3 gene is a member of the ankyrin repeat and suppressor of cytokine signaling (SOCS) box-containing (ASB) protein family that suppresses cytokine signaling by inhibiting the Janus kinase and signal transducers and activators of transcription (JAK-STAT) pathway (Kile et al. 2001) . Our study showed that higher IL-1Ra levels are associated with the minor alleles of the two associated SNPs; this observation suggests that these variants may down-regulate expression of the ASB3 gene thereby modulating increased expression of the IL-1Ra cytokine. Several variants that were suggestively associated with IL-1Ra levels are located in the IL-1 gene family clustering near or in IL1F5, IL1F8, IL1F10, and IL1Ra genes. Our best scoring SNP in the cluster, rs6734238, is 3.8 kb upstream of the IL1Ra gene that encodes the IL-1Ra protein. It is known that IL-1Ra modulates a variety of antiinflammatory and immune responses by competing with IL-1 alpha and IL-1 beta for binding to the IL-1 receptor type I (Mulero et al. 1999 ). The IL-1 gene family that had multiple SNPs associated with IL-1Ra levels in our study is known to be largely conserved in mammals (Sims and Smith 2010) . Our finding concurs with that of previous candidate gene studies which showed that IL-1Ra levels in healthy individuals are influenced by alleles of the IL1Ra and IL1β genes (Hurme and Santtila 1998; Rafiq et al. 2007 ). One of the associated SNPs in the IL-1 gene family, rs6758965, was located in the intron of the IL1F8 gene, a recently discovered member of the IL-1 gene family which encodes a protein known to have inflammatory effects in joint cells (Yang et al. 2010; Nicklin et al. 2002) .
We successfully replicated rs4251961, the SNP reported as most strongly associated with IL-1Ra levels among European populations (Rafiq et al. 2007) . A cluster of SNPs around the IL1A gene were associated with IL-1Ra levels. IL1A is a member of the IL-1 cytokine family that encodes the pro-inflammatory cytokine IL-1α. Molecular studies have shown that IL-1α and IL-1Ra bind competitively to IL-1 receptors thereby inducing pro-inflammatory and antiinflammatory responses, respectively (Juge-Aubry et al. 2003) . Our study provides additional evidence supporting the observation that variants of the IL1A and IL1Ra genes influence IL-1Ra levels. In all, we showed that genetic variants in the IL-1 gene complex are likely mediators of IL-1Ra plasma levels in humans.
The variant that showed genome-wide significant association with IL-6 levels was 11.6 kb downstream from the RP11-314E23.1 gene the function of which has not been clearly described. Given the paramount role of IL-6 in various diseases, replication of the finding in an independent cohort and characterization of the locus may be helpful in understanding the pathogenesis of several diseases. We suspect that studies with larger sample sizes will likely improve the limitation of our study and detect additional loci with smaller effects for all three ILs. Although we included only apparently healthy subjects, we acknowledge that apart from adjusted factors such as age, sex, and BMI, a residual confounding effect of an underlying disease or socio-economic status cannot be completely ruled out. In fact, high levels of oxidative stress and inflammatory markers including cytokines have been reported in the African American population (Feairheller et al. 2011) . Further studies are needed to understand the complex interaction of genetic and socioenvironmental factors that are associated with chronic stress and low grade inflammation that in turn influence the level of ILs (Baltrus et al. 2010) .
Generated by pathogen-driven selection, the extreme polymorphisms within IL genes modulate their biological functions and expression levels. Our study corroborates others' that showed that the presence of such selection polymorphisms is more common in the IL-1 gene family than in IL6 and IL10 genes (Fumagalli et al. 2009 ). Unlike intragenic variations, the involvement of extragenic variations in the regulation of IL expression is not well studied but could be a novel evolutionary adaptation of cytokine regulation to the rapidly evolving mechanisms developed by pathogens to evade the classical immune system in humans. As a result of involvement of multiple loci, selective absence of one or more regulatory loci can be compensated by presence of others ensuring maintenance of the immune response (Sims and Smith 2010) .
In conclusion, we observed significant associations between several genomic loci that may modulate circulating levels of IL-10, IL-1Ra, and IL-6 in African Americans. Several of the genes harboring variants associated with IL-10, IL-1Ra, and IL-6 levels are involved in inflammation, cell signaling, angiogenesis, viral infections, and different forms of cancer (http://www.genecards.org/). This observation is consistent with the hypothesis that ILs play key roles in the progression of several diseases, and points to the relevance of investigating possible common pathways mediated by these ILs to understand the pathogenesis of complex diseases.
